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SUMMARY

This report describes a program for the numerical solution
by an explicit finite difference technique of the momentum,
speclies conservation, and energy equations for an equilibrium or
chemically reacting air boundary layer. Laminar and several
turbulent viscosity models can be applied through the thickness
of the bouvndary layer. Seven air species are included: Oy, O,
No, N, NO, NO' and e-.

Laminar and turbulent effects in any of the equations can
be selectively cnntrolled by input indicators. The various
viscosity models can be applied to the entire thickness of the
boundary layer or the boundary layer can be divided into two
segments and different viscosity models applied to each segment.
Provision has also been mace for boundary layer swallowing of
new inviscid streamlines. Properties along the inviscid stream-
line are computed to establish the varying streamwise outer edge
conditions.
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By H. E. Gould
L. S. Galowin

I. INTRODUCTION

This program is written in FORTRAN II language for the
IBM 7090-4. It solves the non-equilibrium and equilibrium air
] boundary layer conservation equations for momentum, energy and
species mass fractions. These parabolic partial differential

equations are solved in the domain defined by the body surface

T ———

and the inviscid edge nf the boundary layer. The technique of
solution is an explicit finite differerice method. The boundary
conditions at the body are specified as input data but those at

the inviscid outer edge are not known a priori and are therefore

A e Ty rreTeTreT:

computed as the calculation progresses. Edge conditions are

determined from the solution of ordinary differential equations
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which yiela the velocity and species along an approximate
inviscid streamline from the shock to the body station of
interest. 1Initial conditions to start the problem require the
distributions of the dependent variables of velocity, total
enthalpy, and species mass fractions.

A number of significant capabilities are provided by the
program. The multicomponent air species considered are Oz, O,
N3, N, NO, NO' and e~. Laminar and several turbulent viscosity
representations may be optionally selected for the diffusional
transport terms applied to any of the partial differential
equations. The boundary layer thickness can be divided into
two segments and different viscosity models applied to ea~h of
the segments. Various two-dimensional or axisymmetric body
geometrical configurations are possible. Similarly, shock shapes
consisting of conical and parabolic segments are acceptable.
Input tolerances upon the slope at the outer edge of the enthalpy,
velocity or species profiles govern the boundary laver swallowing
which results from the growth of the viscous layer into the
inviscid flow. |

The program described herein is based upon the analysis
reported in Part I. The engineering definitions and the prepara-

ticn of input data for application of the program to given boundary




layer problems are discussed in the Part III manual.

Typical hypersonic reentry body configurations have been

investigated. Computer time required for their solution ranges
from 3/4 to 4 hours, depending on body length, altitude, free

stream velocities and mode of computation.
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II. BOUNDARY _AYER EQUATIONS

In this section the explicit finite difference method solu-

tion of the boundary layer conservation equations is described.

A. Coordinate Systems

The program continuously calculates in four different

coordinate systems. Thus for the permissible body and shock

geometry configurations, the following systems shown in the

sketch below are defined:

1.

Overall - a basic reference system designated as
€y, 3. The units of these coordinates are feet.
Physical - an x-y system where x, in feet, is along
the body and y, in feet, is normal to the body.
Body and von Mises stream function - an x-¥ system
in which the finite difference solutions will be
solved, where X, in feet, is along the body and V¥
is the transformed normal coordinate and represents
the stream function defined by V¥ = Jypuredy. For

o
€ =1, Vis in slugs/sec; for ¢ = 0, ¥ is in

slugs/ft-secs. The sketch below shows the grid in

the x-¥ plane with the paths of the numerical step

indicated.




4. 1Inviscid streamline - a fourth system is a one-
dimensional coordinate, s, along the (approximate
inviscid) streamline. The origin of this coor-
dinate system is the shock streamtube intersection

point.

C2 A
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Coordinate Systems for a Blunt Body

Y
i
n+l
n + -
n-1
=T m AFT =

Finite Difference Grid




m+l,n m,n

Momentum Egquation

1. Analytic form

(7

cu i dp 2T
pu dx tr

ox

avw
T = u%\%’pur€

2. Finite difference form

R ol = 2L (N
pm,num,n X m,n+l/2 m,n- /2,

Note: Near the wall a series solution has been

assumed since u - 0. The expressions used are:

a, U2 + by ¥

o
Il

1
c. =c, +a. ¥ + bi v

1 lw l2 2
¥
H=H + az¥ + byV¥
w
L
pu = a‘\I'z + b‘\p

Using the variables evaluated at AV and 24V, the

an's and bn's are determined. Thus from the

. . W . .
series solution the values at'%? required in the




finite difference solution of the momentum,

species and energy equations are then

evaluated.

3. The difference in shear stress

L

€ € L(L _
Are (Pur )m'n+l+(Pur )m’éukx “m,n+l+“m,n +ATﬁT U nel ™%, n
2 JL 2 ' Po,nel/2 AV
€ € i By S
_ (Pur )m,n+(pur )m,n—l Fl(um,n+“m,n—l) +ATHT “m,n "m,n-1
2 L 2 1¥m,n-1/2 AV

4. Viscosity models

1.5
m,n

3.04566 x 10 T
Do WEWNES [T oS TG chee: T

4

T Tl T T2 T T3 T T4
Big + BaM  + Bap  + Bgu

b. Turbulent ﬁT

+ BEuTS + ngTG + B?ur7 where the B's are

input coefficients and the uTl are defined as

follows:




i. Law of the wall - dimensional coordinate, y

\2
P +P
u$1n+l/2= Ym,n* ML SR J p (e ()
t pur )m,n (pur )m,n+
/
( \
( urE) +( ure) -1
P m,n+1l P m,n m,n+1l 1m,n
2 AV
¥ /
/ \2
] P +p
- l Ld L L
| “i n—l/2=< b n-'Aw i25 * 325 > (FK)Q{ e 2m n+l}
i ' ) (pur ") (pur ")
m,n-1 m,n
\ 4
(pur®)  +(pur®) -u
m,n m,n-1 m,n m,n-1
2 l AV
\ J
E ii. Law of the wake - dimensional coordinate, y,_.
T2 - {pm,n+l+pm,n} {Km,n+l+Km,n1 (Y u )
: “m,n+l/2 2 2 J e e'm
T2 - {pm,n+pm,n—l} {%mnf%mnﬁ}(y )
“m,n—l/2 2 2 e e'm

where K(N) is an input function of ¥

K(N) = a + bV + cW¥




T4
“m,n+l/2

iii.

={ (v,)

Laminar contribution

T3 _ L L
P, nel/2 = 1/2 {um,n * “m,n+l}

™3 _ b L
um,n-l/z = 1/2 {“m,n * um,n-l}

Eddy viscosity fit - dimensional coordinate, y

— 2
/v +av .275 X ;125 )
14 - .08 (l- (pur A,n (pur )m,n+l
) (Y.))
\ e m
2
<] )
Y A i75 + ;125 )
(Pur-) (Pur ) 41 )
(Y )
e m J

u -u
m,n+l m,n

{pm, n+

€ €
(Pur )m,n+l+(pur )an}

m,n+l} { >

AV
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v n'M( .tzs N .i75 )

14 - os\ L (Pur )m'n_l (pur”)
(Ye)m /

o (pur€)

- .06 \1- : m, 1
(v_)_

¢ _M( .125 , 375 )

(pur ) +(pur ) um,n-um,n-l

AY

{ m, n m n- l} {

m,n-l}

v. Law of the wall - streamline coordinate, ¥

2 € €
v +.é§' FK pm,n+l+pm,n (Pur )m,n+l+(pur )m,n
n 2 o u € 2 2
m

AV
2 € €
T5 v __ég)/ FK pm,n+pm,n-l (pur )m'n+(pur )m,n—ll
M, n-1/2 n o 2 | € 2 2 ]
Pele™ In
umLp;um,n--l
AV

MR AT AT M




vi. Law of the

wake - streamline coordinate,

.@

“I6 - (pm,n+l+pm,n ( n+l

m,n+l/2 2 (p x )
MT6 = (p n+pm n- 1)( )
m,n-1/2 2 (p r )

vii. Eddy viscosity fit - streamline coordinate, W

€
{ m, n+l m n} { (Pur ) +(pur )m n} um,n+1_um,n
AV
2
2 4
= 14 -.08 {1~ —¢ - .06 |1- =%
(peuer ) e e
i\
€
{Pm,n+pm,n—l“ {(pur ) +(pur )m n~l} “m,n "m,n-1
2 } 2 AY




Boundary layer swallowing and
expansion of the boundary layer

An input number €, is used as a test value for
calling a new inviscid streamline and to increment
the ¥ grid. Two options are available based upon the
value of €, If €, = 0, the streamline test is not
made. If eu is set as any positive number (used as

the tolerance), the test

um+l(L+l)-um+l(L-l)

S €
u
um+l(L+l)

is made. If the test fails, a new streamline is
computed, or constant edge conditions are carried F

over. When the incremented expansion of the W grid
u_ (L-J)

is called for then set um+l(L-J) = G;TE:IT uoL

l(...+2),

= - - )
for J 2, 3, 4, and um+l(L 1) um+l(L+2,.

Boundary conditions

a. Initial distributicns - an input velocity profile
vs. physical coordinates.

b. Inner value at the wall - u = 0.

¢c. Outer edge ~ velocity at the outer edge is

obtained from the finite difference equation

of "B" or the inviscid streamline solution of

du dp
ds

u - = -

ds

© =

accordingly as the momentum, species
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or enthalpy slope tests are satisfied or not

(see Stvhsections II.B.S5,

formulation of tests).

I11.c.5, I11.D.5 for

d. Inviscid streamlines - two inviscid streamlines

external to the boundary layer which represent

the locally uniform {assuned) external flow are

always computed.

C. Species Eguation

1. Aralytic form

2. Finite difference form

A X(Wi)m nAa Ax

= (c.) + - ==
m+l,n i'm,n (pu)m'n AV

)

i

m,n

[ m,n+l/2  m,n-1/2

See Section II.B.2 for note reg' :ding solution near

the wall.

|
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The species diffusion terms are given by:

€ € L_L L L
N = (Pur )m,n+l+(pur )m,n < L|[H Dki [w Dki
= 1/2 2 4 s L_L * \ L_L
S D S D
C m,n+1 c m,n
i J oA
/
T T
+ AT 1 Dkl\ + L Pxi < (Ci)m,n+l—(ci)m,n
3k, n+l/2 T T } T T AV
S D S D
c m,n+1 c m,n
\ F )
( /
€ € L L
+ : . .
e (Pur )m,n (Pur®) 4 <A§ EE D, ; . HE D,
2 L _L L L
S D S D
c m,n c m,n-1
] ] N
E \ (
; T T
¢ AP 1 ki oL Dk 1 (€30 m, 0~ Cilm n-1
3 -—
E m,n-4/2 ST DT ST DT AV
: c m,n c m,n-1
: J A !
: 4, Chemistry production terms
E a. Formulation
wi(icx) = wi(T,p,Ci), i=1,2...7




. _ L 02
= - A +—0D
I | Mo
i M M
. P 0
w =— | A+ —— (C-D-E) - F
o]
L L Myo Myot
P M2
w.=-= |B+-——E
N2 L MNO
M
. P {> N ]
w. == |B + —— (C+D+E) - F
L
N L vo Yo+ ]
) P l'
= — -t + —
o T | C-D+E K]
=2 F+K
YNo+r T L
M
V.\re_ = % M—e—' [F+K]
No*
where
C . D_./KT
~ _ 2L _1 1 02 2 1025
A = M ;M Kra P pdocoze pco 9.6573302 x 10
J i
i




i._a
%)}

c. . -D.__ /KT
5 = 2L S N2"TT e 28
B %‘M‘ Krb P pchNze ch 9.6573302x 10
N 1
Mo R I -DNO/KT 5
o m——l, s, - 2
C MM E va .Krcp If’dNOCNOe pCNCO 9.6573302x 10
N O D1
. _ Pno~Po2
_ NG KT 23
D MM Krdp (o] CNOCOe COZCN 3.1076201 x10
N 02
Py27Pyo
IX KT
e s ~ A - 23
E Y P1Y CNZ\'O" LNOCN 3.1076201 x 10
Ine Pro
I’Kr'f - KT
= - - 22
; F Me P | K cOcNe (CN0+)Ce 3.1076201x 10
c. . -I_ /KT
L 1 .1 NO 28
N - + : 02 x 10
K u oy, KXo | P pdecNOe P(CNO )ce 9.6573302x1
Set
ETT 228 = 5 + 3 o 228/T _ -327/T
ET 178 = 1 + o L78/T




ET 2274 = 1 - o 2274/T
ET 2740 = 1 - o 2/40/T
ET 3395 = 1 - e 339°/T
ET 1130 = 3 + 2 e 11300/T
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Then
M e 4.161] (ETT 228)2 11
0.~ = =% (mm KT) (ET 2274) 3.87871 x 10
ac o o) ET 1130
<k %=
¢ = —3 (mm KT) (5‘789 (ET 3395) 3.87871x 10 %
dN nh N
P
E M MN 6/2
0 e 4.906 ETT 228 -
dNo n s (ZNmOKT) M ( T )(ET 2740) ( =T 178 3.87871 x 10
p NO
; &
4 M M \
g |_02'N 4.906| [ET 2740 ET 1130
; M. M 4.161] |ET 2274} ETT 228 ET 178
| NO O
M e

; Y = 16 NO'N 5.789) [ET 3395 ET 178
% MNZMO 4.906 ET 2740 ETT 228

11




&>

K = (Myo+) Mg T 1 )
m
MNMO 5.789 ET 3395 ETT 228
32
M (27m KT)
_ _e e ET 2740 2 -11
Pac = nh; (.4237) (ET 3395 | T 178 3-87871x 10

b. Input Aj 1 for reacting system

0 for frozen system; bypass all Wi
= - 1 for equilibrium system.

10 for reacting system with equi-
librium at the wall

0

5. EqQuilibrium mass action laws
As indicated in II.C.4.b, an input of -1 for
A, activates the logic for obtaining the species

from the following equilibrium relationships:

& - ) — -
908.19 T —531 5 B % 5 A2 (2.773x 10°°)

+
qt1 (02 = 227
o
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_ 228 ) 326) _ 29501

2 T T T - -8
c (0) = 2237 T 1.6 e + .2 e e A(l.386x 10 )
m+l P

8/2 _

¢ (n,) =Ll78.39 T B2 (2.428 x10 %)
m+l°"° S 3395)

P ‘l—e T

. 27698 41520 56544

a/, - = - — -

1462 T (3.5) e T 4 % e T Je T B(i.214x107°
cm+~l( N) = P
, ( 178 11063
8/, =l B _— -
¢ oy - 321471 l1e "le " mB(2.6x107°)
m+1(NO) = 2740
p | 1l-e T
/ 32125
-11 T
oG = 2335 .1597 x10 "°°T e c_,1(0) ¢ 4 (N)
“m+1 - e 3395 228 326
5 1.6 e T + .2 e T

(NOt)
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BT

> |

BT

AC

A and B are obtained from an iteration pro-

cedure which is satisfied when two successive

[+)

1000 ~°°

values of B agree to within
The iteration procedure is initiated with B =
and then the following calculations take place in

the sequence shown:

29501 11063
_ 12237 7 "By e Bl1934.14 T E4 e 10
Ej
8/, 5
_(908.19 T °)B,P(1338.7x10 )
- <

(—BTV[(BT)2+AC El)

) -
(908.19 T7°B;) (4 x 107*?)

56544 11063
Y2 - T - 52 - T -18
_11461.9 T Bg e A\ 934.14 T E, e 10
= =
8/ -1z
(178.39 T )p(5060.8 x10 )

Ez

(—BT+«/(B§?2+AC )Ei___

-12

(178.39 T ) (4 x10 *?)

0




Bs =3.5e © +1.5e T
2274
E1=l—e T
_ 3395
E2=l—e T
2740
E3=l—e =
17
E4=l—e T

Boundary layer swallowing and expansion
of the boundary layer

An input number €c is used as a test value
for calling a new inviscid streamline and to incre-
ment the ¥ grid. Two options =ire available based
upon the value of ec. If ec = 0, the streamline
test is made. If €a is set as any positive number

(used as the tolerance) the test




c ,i(L+l)-cm

+1,i(L-l)
(L+1) c

m+l

c .
m+1l, 1 . -
! 1=1l,...7

is made. If the test fails, a new streamline is
computed, or constant edge conditions are carried
over. When the incremented expansion of the V¥
grid is called for then set cm+l(L—J)

cm(L—J)
= ;;?E:IT cm+l(L+2), for 3 = 2, 3, 4 and

cm+l(L—l) = cm+l(L+2).

Boundary conditions
a. Initial - Ci(y) profiles are input for all spe-

cies except N; and e , which are computed from:

M

c (not)

c__(N)
© Mot

N
&
]

1 -z Ci i # Ng

2

b. Wall - ¢ ,(I) = C, (I) + Cs(I) EXH + Ca (I)

X
m+1 Rn

3
R
Rn

+ C«(I)(

4

+ Cg (I) -

where the C; through

Cs are input for each specie except e .

gl



(9]

Outer edge - Species at the outer edge are

obtained from the finite difference equation in

Subsection II.C.2. or the inviscid solution of

dc. w.
i

ds

i .
u T = 7; accordingly as the momentum,

species

or enthalpy slope tests are satisfied or not

(see Subsections Ii.B.5,

formulation of tests).

IT.C.5.,

I1.D.5. for

d. Along the two external inviscid streamlines the

species are obtained from the inviscid equation.

D. Energy Equation

Lo

Analytic form

B _ €3
dx r oW

@H 4 £

Finite difference foim

= H +rt ABE(CfH

Hm+l,n m,n m A¥ m,n+1/2

8 L ¢°

m AV

See Section II.B.2.

the wall.

m,n+l/2

H
B gm,n—l/z)

c )
m,n-1/2

for note regarding solution near

The difference of enthalpy-kinelic energy terms tfH

1s given by:
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N=2
UAVGL = r_€ e @ 2 (u2+u3)
Y p%u% av |y 2 3 2 3
€
52 = Sag | PauS4P,00) (u3-vy) + Pyud (ug+ug-2u, )
UAVGZ = 2AV Pzus P51, ) (U, —u, Pyu, (uy tug .
D, . D, . dc.
SUMHL = 2 T h, ( ]El+ ]El) dwl
1
D, . D dc.
SUMHT = 2 T h 13, o, o i
8 & DT DT avw 1
;i 2 1 2
€
RURN = 2(pu), r
2
uT
1 3/ a
PARTH2 = & (RURN) | AlpY [ + 2| + 2al (& gH
4 L L L T avw
P P p 5
Ys Xy iy
| L, L L | 1 Ay T 1
' 4
+ | Ay (Uz+U 1- —=—/—| — u l1- — UAVGL
L ;i PL 2 3/2 PT
) Xa
B L
PARTC2 =% 2~ i - i i = (RURN) e pi‘ (SUMHL) +
B L L S S 3
€2 e Cg Cy
AT
3
% 2- i - ; i, + % (RURN) -4—uT (SUMHT)
L I S S 3
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2

]
un_l) + (pnui+p u® ) (ur-u )J

— —— 2 —
R = 20V pnun(un+l

n-1 n-1 1 n-1

€
- L 2 1 2 2 _
AV 2AY pnun(un+l L‘n-l)+(pn+lun+l+pnun)(un+l un)
I p . .\ [ac
SUMHL = T (h, +h, ) ];l + ];l d\pl
1 n n-1 D D

g
o

A S <Gy
SUMIT = T (h, +h, ) . °T
i n n-1 D D
E n n—l
_ €
RURN t (pnun+pn-lun-l)
HL #L #T
= . 7
PARTH2 = = (RURN) |al|-—2— 4 Rzl |, AT [ Bz | (48,
4 L L T av
Pr Pr Pr
n n-1 n-1
AL L 1 i ( 1 T T
4
=== - + - —— 1+
4 (un—l) 1 L 3""n 1 L A‘un—%
?, \
n-1 n
1- —%— UAVG1
P
1 r
L n
3
E

o
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n n-1
T
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Lo, L\ (rRurn) — 4T, (summET)
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n n-1

&
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>
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p
x

L L
/ (-"”—\ +(-“—)
€ € L =
_<(pur )m,n+l+(pur )m,n L Prlm il el T(EE)
m,n+1/2

(pure)m n+(pur€)

E L + 2A,
E \ & %

; / / \ ( L

E H m,n+l>< L
: AT 2

—T - L
”n+l/2 T
r

L
+ Ag UAVG2 - PARTH2

= m,n+1/2
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4. The energy transport due to species gradientsd’c

is given by:

1 1 1 1 1
= —— 1- —- - = —_—
16 L i R oL * oL
e/m,n+l e/m,n cl/m,n+1 c/m,n
1 € € L, L L 1
(Pur )m,n+l!’_('our )m,n Ars("Lm,n+l+"‘"m,n) "l a4 ? (hi +hi )
m, n+l m,n
L L (C,) -{C.)
Dkl Dkl l.A..m;n?kl m,n 1 1
L T AT tellt T i
D m,n+l1 \D m,n L L
e/m,n+1 e'/m,n
L -L . € T-T
: ST * ST (pur )m,n+l+(pdr )m,n' Als"""m,n.l/z
]‘ c/m,n+l c/m,n
T Iy (c.) -(c.)
E D, . D, . i
% z (hl +hi ) ],;l + ———],;l m'n+i\p L8} _paRrTC2
L m,n+l “m,n D° /m,n+l \D" /m,n

i e il

(il

5. Boundary layer swallowing and expansion
of the boundary layer

é An input number EH is used as a test value for

calling a new inviscid streamline and to increment

the ¥ grid. Two options are available based upon

T AT T ey

the value of EH' If €H = 0, the streamline test 1is

o
|
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not made. If €y is set to any positive number

(the tolerance) the test

H L+1l)-H L-1}

m+l(
Hm+l(L+l) H

m+l(

is made. If the test fails, a new streamline is
computed, or constant edge conditions are carried
over,

6. Boundary conditions
a. Initial - an input enthalpy profile vs. physical

coordinates.
2

b. Wall - H,11 + HHg

+1 Rn Rn

X
= HH; + HHj ("'—

3

+ Hiig Rn

4
+ HHg (ﬁ% where the HH; through

HHg are input.

c. Outer edge

Enthalpy at the oute- edge is obtained from

the finite difference equation in Subsection
II.D.2. or set equal to the input free stream
value accordingly as the momentum, species or
enthalpy slope tests are satisfied or not (see
Subsections II.B.5., II.C.5., II.D.5. for

formulation of tests).
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III.

B.

INVISCID FLOW EQUATIONS

A. Governing Equations for One-Dimensional Streamlines

l. Momentum

inv l dp
u. - -
inv ds p. ds
inv
2. Species
dec.
1, c
inv \
u' =
inv ds pP.
inv

3. Total enthalpy (energy)

H constant

u.
10V
inv 2

Tracing the Streamline from the Shock

Reference: NACA Report #1135 - "Equations, Tables and
Charts for Compressible Flow 1953"

1. Intersection of streamline and shcck, see sketch.

L

Do, "o,

2 p_um

29
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€ av €
j € |(2m) 'y cos Gt X + (2m) @%
o

Gt = 90 - o, for arc, ogive
= 0, cylinder, flat plate
= cone angle, cone
o = angle which the current point on the body and
the coordinates of the center of the arc make
with ¢ axis, measured in a clockwise direction
from ¢, .
C.?. ‘
s
7 2 NN\ VAN
~,
—_———Y
: D Ve
—_ e e ot Cl

Coordinate Systems for a Blunt Body




2.

conditions downstream of the shock

a. Following will be input

o
oy

needed for T = —
© c
c p

=0

altitude
v (specific heat ratio)
- used for checking against calculated

u in the one-dimensional streamline
equation in order to keep u > 0.

YronIM

b. Following will be program set from input

u_ = u(L)
cioo = c¢(L,I)
H = H(L)

c. The program calculates:

1
[4(M,® sin® 6-1)(y My° sin® 6+1)]

ds [(y+1)® My sin® @] @




3z

where

uoc
M, = — Mach #

w©

speed of sound = 49.9 /1.8 T

a =
o}
hoo
- —
T, C K
poo
® = ¥ shock wave makes with {,
“igs T i

L6 -]

_[2r m® sin® 6 - (7-1)
Pas v+ 1

d. The program outputs:

(@) Paq
(b) uds
(c) cids

3. Completion of streamline calculation
The program sets:

u (L) = um+l(L+l) = L+2)

m+1l um+l(

cm+l(L,I) = cm+l(L+l,I) = cm+l(L+2,I)




IV. INPUTS

Under this section the various input parameters are dis-
cussed from a programming viewpoint; see Manual, Part III, for
input data preparation. In Subsection A through C, certain
criticol parameters are discussed, and in Subsection D the input
definitions and card formats are specified. Also included in
the latter sections of this report is a sample proklem which
illustrates the nature of the inputs.

A. Body Geometry

1. Classification
Bodies will be classified accordingly as the first
geometrical region is:
a. Blunted As # 0
(a) arc (hemispherical nose)

b. Pointed As =0

TR

(a) cone
(b) ogive
(c) flat plate
where As = standoff distance from shock to stagnation point of

body along centerline (see IV.B.3).



Subsequent geometric regions of the bkody

The following geometrical descriptions for body

sections are available:

d. axc \

b. cone
2 dimensional or axisymmetric

S depending upon input €, (or EPSI in

the input list, Subsection IV.D)

c. cylinder

d. ogive

e. flat plate /

3. Calculation of radius of the body and the &, &,
coordinates

a. For each region the program reads in
(a) INDP = pressure type 1 = cosine
indicatox 2 = polynomial

(see p.39, Sectionc) |3 = quotient

arc §

2 = cone

(b) INDR = geometry indicator (1

ﬁ 3 = cylinder

4 = ogive

—_—
&
i

flat plate
(c) INDLR = last subregion of 1 = yes

last region indicator {0 = no




(d) INDLSR = last subregion of any l = yes

N
!

region indicator no

(e) OGIVE H
coordinates of center of arc
with respect to £, {2 origin

OGIVE K

(£) p(J), J = 1,8, pressure coefficients

(9) CCi(K), K=1,5, CWALL coefficients

E

(h) Rn = nose or reference base radius

(i) XL = cumulative upper X jimit of this

subregion Rn

(j) CONEAN = cone angle/2 (vertex semi-angle)

LLLg

B. Shock Geometry

1. Description of the Shock

The shock consists of up to 10 sections of the form:

a. Lz = anC1 + bn straight line

b. C1 a = bn(l;gwc_)2 parabola
il

n

Type 6 is a parabola whose coefficients an, bn and c are specified
as input. Type 7 is a parabola whose beginning and ending slopes
and the {: projection of the end point of the geometrical shock

region are specified as input.




The present version of the program permits para-
bolas to follow each other but they may not follow straight lines.
2. Shock input is specified by giving
a. Curve type

b. Slcpe and cumulative ¢; limit for a straight
line

c. Coefficients and cumulative {; limit for a
parakola or

d. Beginning and ending slopes and cumulative
Cl limit

3. Section 1 of the shock has optional provision (type 7)

for internally computing and establishiag the shock

€, - an = bn(CE‘Cn)z
with
a = o = 0, b = __'.é__. _l._
n n n As Rn
1 + —
Rn

/ . : .
where As = 0 2k Rn (physical standoff distance). %ni is the
dimensionless standoff distance.
4, The program has provision for specifying several shock
shapes, e.g. conical, parabolic and normal. Moreover optional

modes for specifying a particular shape are also possible, e.q.

|:luv |



parabolas can be specified by inputting the coefficients of the

analytic expression or the beginning and ending slopes.

following indicates the formulae for obtaining the ¢ coordinates

The

and the balances of the shock coefficients for all permissible

combinations of shock shapes.

a.

Region 1 is a cone

i. m, £, by = 0 are input
ii. L =m &
Region N-1 is a parabola

Region M is a parabola - Type 6

i. aN—l' bN—l’ CN—l are avallable
aN, lN' CN are input
. 8oy T a1t Pyor e o) On-1
: R e
. =
bN-—l bN

Region N-1 is a parabola
Regivn N is a parabola - Tyre 7

N-1’ SN-1 are available

th are input

]2

E|
i




2 2
T S )
1

2
2mN(C1(N)—a )

c._=¢C = i
N 2 (N-1) me_q
_ 1
N  4n® -
4mN(Cl (N) aN)
e = L + c
2 [nre = -
(N-1) 2bN_l mN—l N-1

€ (y-1) = 3w-1 T Py-1(C2 (y-1)

d. Region N-1 is a parabola
Region N is a cone

i. aN—l' bN—l' CN—l are available

m_ is input
N p
ii.,

Cg(N—l) " 2b a N-1

= a

8 y-1) = -1 * Pyo1 L2 (-1

by = Lo (y-1) ~ 2y & (n-1)

B |

2
" S(y-1)’

]2




39

e. Region N-1l is a cone
Region N is a cone
i. a b are available

N-1' “N-1' CI(N-l)

m is inj.ut
i _ .
e Gy T a1 Gy Y P

Py = Coy-1) ~ & (y-1)

C. Pressure Distriiution

Associated with each body subregion is a distribution

which is one of 3 possible types:

1. p = py cos® ﬁk (Newtonian)

2 p=pstps e I 4m (2] e (=)
= 2 % Rn 4 |rRn Rn ® \Rn
p
3. p= 7x
+———
pG Rn

where P, through p, are inputs.
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SYMBOLS

*LP2
NS

NPSI

INDSTR
FNDSSL
FNDSSH
JALT

AlL

c(N,I)

*#*RESTAR

Input Definitions, Card Formats and Symbols

DEFINITION

# V¥ pts + 2
# species

print interval density in ¥ direction e.gq.
every point, every second point, etc.

streamline starting point indicator

iower limit for step size control

upper limit for step size control
altitude - in kft

laminar indicator for momentum equation
turbulent indicator for momentum equation

chemistry indicator for equilibrium or non-
equilibrium calculations (see p.1l8, Section b)

laminar indicator for species equation
turbulent indicator for species equation
laminar indicator for energy equation
turbulent indicator for energy equation
laminar indicator for energy equation
turbulent indicator for energy equation

species mass fraction profiles N=1,2...LP2;
1=1,2,4,5,6

restart indicator; 1 = original run,
0 = continuation run

FORMAT

I 10

E 10.3
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SYMBOL TEFINITION FORMAT
DELTAX step size - x direction E 10.3
EPSI exponent for body radius

EPSIU=€u tolerance on velocity for a streamline call
EPSIC=€c tolerance on all species for a streamline call
EPSIH=€H tolerance on total enthalpy for streamline call

EPSIT=€T tolerance on temperature iteration

FH(N) total enthalpy profile, N = 1,2...LP2
FK factor in ETl
L
E *CPE free stream specific heat at constant pressure E 10.3
E FL characteristic length to dimensionalize
species production term

1 FSHE free stream static enthalpy
i GAMM ratio of specific heat, Cp/Cr

PE free stream pressure

RHOE free stream density
; RHOSTG stagnation density
E CE(I) free stream species, I = 1,2...7
E‘ RN nose radius |
| UINF free stream velocity

ULOLIM low limit for velocity in streamline

XS x starting value Y r




SYMBOL
Z1s
228
Z1lL

u (N}
*FA

FB

rC

i

TESTRA

ABjp

ABg

ABg

ABg

ABg

ABy

BE,

DEFINITION

iy coordinate starting value
2 coordinate starting value

; coordinate entire body

velocity profile, N = 1,2,...LP2

coefficient for FKPSI in uTZ

FKPSI = K(N) (see p.8, Section ii)

test ratio for establishing turbulent viscosity

model

law of the wall -
dimensional coordinate y

law of the wake -
dimensional coordinate, ye

laminar viscosity

eddy viscosity fit
dimensional coordinate y >

law of the wall -
streamline coordinate, ¥

law of the wake -
streamline coordinate, @é

eddy viscosity fit
streamline coordinate, W¥

law of the wall --
dimensional coordinate, y

Inﬂ4ﬂ=+nvc 3nd

M v ld i o L=

coefficients for
invoking turbulent
viscosity model
components

(see p.7, Section 4,b)




T
BBz

T
BRBga

T
BB,

T
BBg

T
BBEg

T
BB~

FLELIN
FLETIN
PRALIN
PRATIN
SCHLIN
SCHTIN

V(N)

*INDFRI
NSR
JINPUT

THPER

SYMBOL

DEFINITION

law of the wake -~ \
dimensional coordinate, ye

laminrar viscosity

eddy viscosity fit Indicators and
dimensional coordinate, y coefficients for

$ invoking turbulent
law of the wall - viscosity model
streamline coordinate, V¥ components

law of the wake -
streamline coordinate, V¥

eddy viscesity fit
streamline ccordinate, V¥ /

Lewis laminar number
Lewis turbulent number
Prandtl laminar number
Prandtl turbuient number
Schimidt laminar number
Schmidt turoulent number

physical coordinates for input profile
normal to pody

print interval x direction
# shock regions
# times to bypass step size control halving

% to be used to establish boundary layer
thickness

(see p.7,Section 4,b)

FORMAT

E 10.3

E 10.3
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SYMBOL
*ASR (N)
BSR(N)
CSR(N) /
Z1R(N)
Z2R (N)
INDTYP (N)
INDCCO(N)

INDLAS (N)

*INDP

INDR

INDLR
INDISR
INDSS
INDS6
INDS7
OGIVEH
CGIVEK
P(J)

C(K, I)

DEFINITION

coefficients for Nth shock region geometry,
N = 1, NSR

{; bcundary for Nth shock region, N=1, NSR
th .

2z boundary for N shock region, N =1, NSR

geometric type, N=1, NSR

end coordinate indicator, N=1, NSR

last shock region indicator, N =1, NSR

Note: ASR(N)-INDLAS(N) are repeated for each shock region,
N =1, NSR

body subregion pressure type
body subregicn geometric type
last region indicator

last subregion indicator
spare

spare

spare

coordinates of center of boday arcs
or ogives

coefficients for pressure formulas, J=1,8

coefficients for species mass fractions
at wall, ¥ =1,5; I = 1,NS-1

FORMAT

E 10.3

E 10.3
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SYMBOL DEFINITION FORMAT
HH(J) coefficients for total enthalpy at wall, J=1,5

RN body radius

XL cumulative x limit for each subregion

CONEAN cone angle Y

Note: INDP-CONEAN are repeated for each body subregion

*
Indicates that this field is the first one on the input card,
and subsequent fields until the next % are continuous through
column 70 for as many cards as are necessary.




V. PROGRAM FEATURES

A. Step Size control

The purpose of step size control is to allow the program
to run as fast as possible within stability and truncation
requirements.

1. ¥ direction

Whenever the number of ¥ intervals becomes twice
the original input amount (as a result of swallowing) the program
halves the number of points. This is of significance since the
permissible stability contrul step size in the x direction varies
with (A9)?,

2. X direction

The program takes two single steps and compares
the velocity, species and enthalpy with the results of a single
step of double size. Depending on input limit tolerances, the
step size is doubled, unchanged or halved. However, the step
size is always subjectad to the stability control for maximum
size.

If a negative velocity, specie, enthalpy or temper-
ature has been calculated, or depending on a sense switch being
on, 1f a 5% out of morotonicity in u or H develops, the step size
is halved up to seven times before the program stops. Provision

has been made for overriding the halving for JINPUT times, so as
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to allow zero species to fill in as a result of production and
of diffusion in the ¥ direction. The above procedure for
doubling, continuing and halving the step size which applies to
the boundary layer also applies individually to u and cy in the
streamline calculations.

B. Stability Control

The expansion of the step size in the x direction which
is described under "Step Size Control" is subsequently scrutinized

to insure stability.

2

2CJ'n

Ax is compared to and accordingly as it is less

than (or equal to) or greater than, it is accepted or halved.

T T
v +u
€ € L L n+l/2 "n-1/2
c = - +
u rmrm'onun Ay n & 2
L —-T +—T
G = r€r€p 5 AL Hy + AL “n+l/2 “n-;/z 1
H mmnn| ¢ L 4 2 m
P P
x r
n n
L DL e +—T DT
B € L M Pk T “n+L/2 “n—l/z 1 "k
9c © e g[8 L T he 2 T T
s’ D S D
o n c n
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<= 0 —
Ax must be S the minimum of Al , av , Av in order
20T 20T 20 T
u 1ln H 1ln C 1ln

to insure stability.

C. cConversion from Physical to Streamline Coordinates

L. The various input prcfiles are given as functions

of the physical coordinate Y, which may be unevenly

spaced.

number of Y intervals and

The number of ¥ intervals equals the input

is equal to L - 1.

2. The streamline coordinate ¥ = gy puredy is calcu-
lated and then equispaced over the thickness.

3. The corresponding Y's are developed from
Yy = g‘w puie a¥ with ¥(0) = 0.

4. A table lookup routine is used to linearly inter-

polate the dependent variables, u, Ci, H.

5. The calculated value of Ymax is compared with the

input value of Ywl -

-
1HQ AN

(see Input, Section IV.D). 1If
the difference is greater than .1% , the folliowing

on line message is printed: "YCALC(L) = Y(L) =

D. Continuation Procedure

At any time during the running of the program sense
switch 4 can be depressed and an on-line punch of the continua-
tion quantities will occur. This makes it possible to continue

the program at a later date.

When the program is continued with on-line punched cards,
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ESTAR must be set equal to zero.

=3

E. OQutput Control

Based on the input quantity INDPRI, output at every
th . . .
n station is obtained and based on NPSI, output at every m
¥ level. There is also provision in the streamline calculation
to obtainn output whenever the step size doubles.

F. Streamline Control

An initial value or a complete body problem can be
solved depending on whether we input a 0 or 1 for INDSTR. Thus

there are two possible starting points for a streamline calcula-

tion:
1. The starting profile at the starting point on the
body.
2. The starting profile at the point of intersection
of the streamtube and the shock.
In addition, the first option can be additionally modi-
fied tc constant edge conditions, i.e., um+l(L+3) = U,
C. +l(L+3) = Ce,i’ Hm+l(L+3) = He’ by setting INDSTR = - 1.

G Sense Switch Control

Y

Is available for diagnostic and monitoring purpcses and

can be specifically determined by consulting the source language.

Litsdd et
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H. Additional Programming Logic

1. Momentum egquation
a. In order to step forward the required p

is obtained as follows:

h(W = m(y - LD

- 2
Using as our first approximation for T

D D C D_.+D C

+
T8 =8 -G 232 - SN 2§2 ) mNO N22 > - Pxo mNo
0 N NO NOt
I + Eygifgg - D C
NO 2 NO P
calculate

c. c D D
h=RE,, (T (A +'% * % Zoe | ¢ || * O 352
j M50\ k M o) N
+
L Svo (PwetPor |, Swot [, Pn2PPo2
o 2 NO Mot | NO 2 NO

j= 0 ,Nz,NO,NO*
k=0,N,e
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T, -T.
if AL b < € we use T. ., otherwise continue the iteration
T, T i+l
i+1
cycle at A.

o
o
®
|—l
)

chosen according to the indicator

for thez subregion and we compute

—P

p = C.

RT & —
i Mi

c. Because the nature of the u profile is not
‘inear in the neighborhcod of the wall, U is
2
1
obtained by assuming u = a¥l’ + b¥ and deter-

mining a and b from u; and uz. The derivative at

the 1/2 point is obtained by differentiating u.

d. If a velocity is negative or if both sense switch
5 is depressed and a 5% out of monotonicity occurs,
then the step size is halved and the calculation
repeated. If after halving seven times, the
velocity is still negative, the program stops.

2. Species equation

If a species is negative, the step size is

halved and the calculation repeated. If after

halving the step size seven times, a species is still
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negative, the program stops. C% is obtained by
assuming C = Cw + a@ﬁ + b¥ and determine a and b
from C; and C3. The derivative at the 1/2 point
is obtained by differentiating C.
Enthalpy equation

Halving of the step size will result when
a negative enthalpy occurs.

If after seven halvings, this condition per-
sists, the program will halt.

H;5 is obtained by assuming H = Hw + a\If;i + b
and determine a and b from H; and Hsz. The deriva-

tive at the 1/2 point is obtained by differentiating

H.

QIS LA S
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Vi. PROGRAMMED STOPS AND PAUSES

PROGRAM STOP NO,

Displayed in
Address Ficld of
Storage Register

MAIN 17

77

310

650

2575
2655
CEDZE (J) 60

71

RADEDY 550

STEPSZ 603 (Pause)

UCSTRE 21

UEDGE (J) 30

MEANING

€ <0

Shock geometry is cone followed
by parabola

A, <0
1

K <1
]

LP; 2 99

L > 2 (LORIG)
J <1

cC .or nc is in error
i w, 1

W, '

€ <0

Ax has been halved 7 times
Additicnal 7 times can be
obtained by depressing START

D

o« . .
- 1s not in any shock region
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VII. OPERATING PROCEDURE

A. Original Run

Standard 7094 Fortran operating procedure is employed
with RESTAR = i,0E0. Progrcam language is FORTRAN II.

B. Continuation Run

Remove subregion parameter cards that were read in
during previous run. Insert continuation cards after problem
input and ahead of remaining subregion cards. Set RESTAR = OEO.

There is present the option of modifying the original
input or the continuation input by repunching the appropriate
fields or cards. It should be noted that the continuation cards

are necessarily in octal in order to preserve full significance.

|
i
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DIMENSIONS OF VARIABLES

The units of the variables which appear in the equations
are listed below. The conversion constants required for con-

sistency are indicated.

A. Momentum Equation

1. The units for the quantities involved are
o = b sec® slugs
£e4 OF TE®
u = ft/sec
D = lbs/fta
%ES’- = 1bs/ft?, s is nondimensional
E .
_ 92 _ 1pe/ct?, x is in feet
dx
E T = lbs/ft®
_ lbs sec
H 12
| ar
i ar _ 3
dy lbs/ft




i

lbs sec®

P R should

2. In order for P to have the units

be expressed in the following units:

b sec® _  _ _ P _ _1b/ft
fté RT ZC/M .. mole
R-K ——
gm
R = gm £t2

o
K mole sec®

o =1

8.31657 x 10° joule {kilogram mole *) °K

Il

_ 1 ft lbs gm 2
= 17356 joules 453.6 15 32.2 ft/sec
gm £t2

7
8.95805 x10 “K (kilogram mole) sec®

gm £t2
°K (gram mole) sec

il

8.95805 x 10%

3. 1In order for T to have the units °K the following

adjustments must be made:

D
h - _02 ft2 ev 1
m 5 -

T = O _ sec part/! gm _ %, _ &V sec® °K

@ ££° part gm ft°

P sec; K




povssane

T,

B.

Taking the second term

ev sec® °K am ft 1 £t 1b 1l joules
2453.6 - 32.2 2 . 18

pact gm ft 1b sec® 1.356 joule 6.24x10*®ev
= 1726x 10 "% (°K)

Thus for all

=l

terms, this factor should be used, i.e.

l8

o

D -
= = 1726 x 10

Species Equation

l. The units for the quantities involved are

w = EEE%%E which is derived from
o= ou i
dx
2. pDO should be of the same units as p for Eq. (7a),

p. 5 of GASIL TR-2406. Hence,

gm/mole ( gm ft lb °x

DO particle (£t 1bs sec)® part °K
mole '

"

&/, 8/
_ gm 1 1b) 1
(ft 1bs)¥ sec part’ |453.6 gm/ 32.2

6/3

sec?ft

2
112 lbs sec” --

3.87871 x 10 P pDO

Similarly for pDN' pDNO' pDE

e 5 = - = = = o A R




3. 0, ¥, XK are dimensionless

4. A, B, C, K develop as follows (example for A shown below)

ft 1 ci® 1h sec” 1lb seca]
gm/mole | gm part®sec £t o ]
mole
2 8

2 .68 .. 3112 B
A = mole“cm” sec” 1lb [453.6 gm%

B —2_in 1 Ftl 15 0ys51 x102° RaLt
ft’ gn® part?® 1b

2.54 cm 12 in mole

mole sec —

= 4.9778 x 10°*
part

5. D, E, F develop as follows (example for D shown below)

ft cm® 1b sec”
gm_ part sec ft4¢
mole

3 3
| D = mo%escm sec 1b 453.6 30 1l ft
S 't gm part lb } 30.48 cm
i < 1.6018 x 1072 mele sec 7

particle

6. Equation (9), p. 7 of GASL TR-246 would yield (neglect-
M
ing —9)
o)

iR ot

TYITTLIP T TTTCTPICIIRRTLTTITINCICTTITY




ook Hatlagaats) 1

ARG TH L Gl U UL

SilabhbibbiALALALALL

TR S T T T

RALLLSS

- T

‘mmi
e

z Wi = mgénggg but EEE%%E are required hence

mole sec _ lb sec® 2 part 23 1
o o) e 32.2 ft/sec” 6.0251 ole ¥ 10 = ft

0 _ 28 P lb_sec =

w 1.94008 x 10 L-[ ] TR

D
7. In A, B, etc. ng should be dimensionless. This can

be accomplished by setting

1-5

ev
D02 _ particle % 1.356 joules 107 erqg 1 ev
KT ft 1bs °x * ft 1b joule 1.6021 x17'% erg
°K
D\
_ 19 | _02
= .846389 x10 k = )

C. Energy Equation

1. The units for the quantities involved are:

£t°
H = - T
2
h = ft
i sec
_ ft®
Ki sec
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